
Observation of Raman scattering
by cloud droplets in the atmosphere

S. Harvey Melfi, Keith D. Evans, Jing Li, David Whiteman, Richard Ferrare,
and Geary Schwemmer

In a recent field campaign, the NASA Goddard Space Flight Center scanning Raman lidar measured, in
the water vapor channel, Raman scattering from low-level clouds well in excess of 100% relative humid-
ity. The excess scattering has been interpreted to be spontaneous Raman scattering by liquid water in
the cloud droplets. A review of research on Raman scattering by microspheres indicates that the
technique may provide a remote method to observe cloud liquid water. The clouds studied appear, from
Mie scattering, to have two distinct layers with only the upper layer showing significant Raman scat-
tering from liquid water in the droplets. © 1997 Optical Society of America
1. Introduction

Over the past ten years, Raman lidar has become a
powerful tool to study the atmosphere. The tech-
nique has been used tomeasure the vertical structure
of water vapor and its temporal variation,1–5 unat-
tenuated aerosol backscatter profiles,6 aerosol optical
depth,6 and atmospheric temperature profiles.7–10
In this paper we report on the observation of Raman
scattering by liquid water in cloud droplets.
Laboratory investigations have reported the obser-

vation of both spontaneous11,12 and stimulated13–17
Raman scattering from water droplets. Stimulated
Raman scattering requires a laser intensity several
orders of magnitude higher than the intensity of our
laser beam. Thus we assume that the observations
reported here are due to spontaneous Raman scatter-
ing. To first order, we expect that spontaneous Ra-
man scattering by a size distribution of water
droplets will be proportional to the total number of
liquid water molecules, modified by the spherical
shape of the droplets. The dominant shape effects,
which are discussed below, tend to increase the Ra-
man backscatter ~180°! cross section of the droplets
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when compared with bulk liquid water. Raman
scattering by cloud droplets may provide a new
method to remotely measure the liquid water content
of clouds, and, along with an independent measure-
ment of conventional Mie scattering, might lead to an
inference of cloud droplet size distribution and cloud
droplet density.
Cloud droplet size distribution and the number

density of cloud droplets may have an important in-
fluence on atmospheric radiative transfer. Charlson
et al.18 have shown that, as the number of cloud par-
ticles increases, due to the higher number of conden-
sation nuclei produced by fossil fuel burning, the
reflectivity of these clouds in the visible increases,
thus leading to an overall cooling of the Earth–
atmosphere system. The cooling may in part coun-
teract the expected warming that is due to increased
atmospheric CO2 that is also attributable to fossil
fuel burning. An increase in the cloud droplet num-
ber density leads to, in general, smaller-sized drop-
lets; thus the total liquid content of clouds and the
number and size distribution of cloud droplets may
each be important in evaluating man’s impact on the
future state of the Earth’s climate.
This paper is organized as follows: Section 2 pro-

vides a brief overview of the Raman lidar system used
in the investigation; this is followed by a description
of the experiment and a presentation of the results in
Section 3. Section 4 presents a summary of theoret-
ical and laboratory investigations of Raman scatter-
ing by droplets; we then provide a discussion of the
results of the investigation comparing our observa-
tions with our understanding of Raman scattering by
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droplets in Section 5. Section 6 summarizes the
study and provides our conclusions.

2. Description of the Raman lidar

The NASA Goddard Space Flight Center scanning
Raman lidar has been described by Ferrare et al.6 It
was designed to simultaneously measure Raman
scattering in the atmosphere by nitrogen, oxygen,
and water vapor, as well as Rayleigh ~molecular! and
aerosol and cloud scattering at the laser wavelength.
Raman scattering is a weak scattering phenomenon.
The scattered radiation is shifted in frequency from
the incident radiation by an amount unique to the
scattering molecule.
The lidar consists of a XeF laser that produces

radiation in three closely spaced lines centered at
351.1 nm.19 The other two lines are located at 348.8
and 353.2. The laser output is a continuous series of
short pulses ~15 ns! at 400 Hz with an average power
of approximately 12 W. The optical axis of the laser
is aligned with the axis of a 0.76-m Dall–Kirkham
telescope. Both the laser and the telescope point out
the rear of an environmentally controlled van toward
a large pointable mirror that is affixed on a rotatable
shaft at a 45° angle. The scattered radiation from
the laser pulse, as it propagates through the atmo-
sphere, is also directed by the large pointable mirror
into the telescope. The output of the telescope is fed
through a field-limiting stop and then divided into
four detector channels by several dichroic beam split-
ters. The channels are made sensitive to the elastic
scattering from molecules and aerosols and clouds at
the laser wavelength and the Raman scattering from
nitrogen, oxygen, and water vapor by specially man-
ufactured interference filters. The Raman filters,
similar to the ones described by Whiteman et al.,3
were constructed with very high blocking ~10212! at
the laser wavelength. Because the XeF excimer la-
ser has three lines at 348.8, 351.1, and 353.2 nm, we
used spectrally wide filters in selecting the Raman
bands of interest. Each filter was manufactured to
be 7–8 nm wide so as to pass Raman scattering from
the three output lines of the laser. Each detector
channel was divided further by another beam splitter
~95–5%! into two photomultiplier tubes ~PMT’s! so
that atmospheric measurements can be made from
near the surface to an altitude of approximately 5 km
on the low-sensitivity PMT ~avoiding saturation from
the high near-field scattering! and from approxi-
mately 3 km on up with the high-sensitivity PMT.
Thus we use eight PMT’s to look at complete altitude
profiles at the four wavelengths.
The output of each PMT is amplified and presented

to a scaling photon counter. The counter acquires
photon counts in successive 0.5-ms bins synchronized
with the laser pulses. The data system accumulates
counts in these bins from typically 23,200 laser shots
before storing the accumulated result. At 400 Hz it
takes approximately 1 min to accumulate data from
23,200 laser shots. Thus we obtain a profile at the
four wavelengths as a function of range once every
minute with a range resolution of 75 m ~0.5 ms!.
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In clear conditions, the ratio of the water vapor
return to the nitrogen return ~Raman scattering ra-
tio!, after a small differential attenuation correction,
has been shown by Melfi20 to be proportional to the
water vapor mixing ratio. The water vapor mixing
ratio is an important meteorological measure of at-
mospheric moisture and is defined as the ratio of the
mass of water vapor in a volume of air to the mass of
dry air in that same volume. The ratio of the back-
scattered return at the laser wavelength to the nitro-
gen return ~elastic-scattering ratio!, again after a
small attenuation correction and after normalization
to unity in a clean region of the atmosphere, has also
been shown by Melfi20 to be proportional to the aero-
sol scattering ratio. Whiteman et al.3 and Ferrare et
al.6 provide more detail on computing the atmo-
spheric profiles of water vapor mixing ratio and aero-
sol scattering ratio from our Raman lidar data.

3. Experimental Results

The lidar data that we report on in this paper were
acquired at the NASA Wallops Flight Facility, Vir-
ginia, on the Chesapeake Bay’s eastern shore during
the night of 9 September 1995. The primary pur-
pose for the field deployment was to participate in an
intercomparison of a number of different methods to
measure atmospheric water vapor profiles. The
methods included, in addition to the Raman lidar, a
passive ground-based infrared interferometer and
spectrometer21; two airborne differential absorption
lidars, one on the NASA C-130 aircraft22 and the
other on the NASA ER-2 aircraft23; and several dif-
ferent operational humidity sensors carried aloft on
standard radiosondes.
The lidar was located on the mainland approxi-

mately 3.2 km WNW of Wallops Island and acquired
data for approximately 4.5 h, beginning at 00:10 UT
~9:10 p.m. EDT 8 September 1995! and ending at
04:45 UT 9 September 1995. During the observa-
tion period the lidar was pointed sequentially, by
means of the large mirror, at several angles. Be-
cause of the sequencing, we acquired 1-min profiles
on the vertical once every 2 min. A radiosonde was
launched at 02:33 UT 9 September 1995.
The skies over Wallops Island were generally clear

when the lidar data acquisition was initiated.
Shortly after 01:00 UT, clouds started to develop at
three altitudes: 4 km, 3 km, and 400 m. At around
3:30 UT, another cloud deck appeared at an altitude
of approximately 1 km.
An example of a water vapor mixing ratio profile

obtained at 02:48 UT ~2.80 h UT! near the middle of
the observation period, is shown in Fig. 1. A single
calibration constant relating the Raman-scattering
ratio ~Raman scattering by water vapor to nitrogen!
to the water vapor mixing ratio was used to calibrate
the lidar data shown in the figure. The calibration
constant was obtained, following procedures outlined
in Ferrare et al.,6 from a best fit, over an altitude
range of 2–6 km, of all 36 lidar–radiosonde sensor
comparisons made during the entire field deployment
~for the period 22 August to 21 September 1995!.



The uncertainty bars shown on the lidar data repre-
sent an estimate of the one sigma standard error in
the determination of the water vapor mixing ratio
assuming that the lidar returns used to derive the
ratio are Poisson distributed. The water vapor pro-
file from the radiosonde launched at 02:33 UT ~2.55 h
UT! is shown in the figure for comparison. Also
shown is the saturated water vapor mixing ratio pro-
file. The saturated profile is calculated from the ra-
diosonde temperature profile and corresponds to the
expected water vapor mixing ratio at 100% relative
humidity. We also show an elastic-scattering ratio
profile acquired simultaneously with the water vapor
profile at 2.80 h UT. The elastic-scattering ratio
profile is normalized to unity in a typically clean re-
gion of the atmosphere extending in altitude from 6 to
10 km.6 When this normalization scheme is used, a
scattering ratio of unity is indicative of pure molecu-
lar scattering, whereas a scattering ratio in excess of
one indicates the presence of aerosols or clouds.
The lidar measurement of the water vapor mixing

ratio in the figure shows slight saturation over an
altitude range from approximately 200 to 700 m.
This corresponds to the altitude range where an op-
tically thin cloud exists, as can be seen in the elastic-
scattering ratio data ~elastic-scattering ratios from 4
to 14! shown in the figure, an altitude region where
optically dense clouds were coming and going. The
lidar measurement also shows that the atmosphere
was saturated between an altitude of 700 m and 1
km. In general, as shown in the figure, the lidar
profile of the water vapor mixing ratio agrees well
with the radiosonde measurement, especially above 1
km.
Over 120 independent vertical profiles of the

Raman-scattering ratio and the elastic-scattering ra-
tio as those shown in Fig. 1 were acquired by the lidar

Fig. 1. Water vapor mixing ratio profile and an elastic-scattering
ratio profile obtained with the scanning Raman lidar at the NASA
Wallops Flight Facility on 9 September 1995 at 02:48 UT ~2.80 h
UT!. Also shown is the water vapor mixing ratio and the satu-
rated water vapor mixing ratio profiles made with data from the
radiosonde launched at 02:33 UT.
during the observation period. All of the vertical
Raman-scattering ratio profiles acquired during the
period have been combined together and are shown in
the false color image of Fig. 2. Figure 2 shows a
time–height image of the variation of the Raman-
scattering ratio, normalized to the water vapor mix-
ing ratio, during the night of 9 September 1995, color
coded as shown by the color bar given in the figure.
Prior to the onset of clouds at around 2.00 h UT, the
image of Fig. 2 shows the layering of water vapor as
a function of both height and time. Note that at
2.80 h UT in the color image we can see, in the ver-
tical, changes of color that reveal the identical verti-
cal structure of atmospheric moisture as presented in
Fig. 1. The vertical stippling after 2.00 hUT—above
an altitude of 3 km, and after 2.50 h UT—above 1 km
are due to noise artifacts because of weak signals
from strongly attenuating clouds. Occasionally, af-
ter 2.50 h UT, either because of the absence of clouds
or because of low cloud optical depth, a measurement
of the water vapor mixing ratio, with good signal to
noise, can be made to altitudes above the clouds.
Figure 2 shows these time periods to be at approxi-
mately 2.80 ~data from this time period is shown in
Fig. 1!, 3.30, 3.90, 4.20, and 4.35 h UT.
All of the vertical elastic-scattering ratio profiles

acquired during the observation period ~over 120 pro-
files obtained simultaneously with the water vapor
profiles! have been compiled in a similar false color
image as the moisture data and are shown in Fig. 3.
The high elastic-scattering ratio, in excess of 70, and
shown as shades of red in Fig. 3, clearly delineate the
location of clouds that were present during the obser-
vation period. We can see in the image of Fig. 3 the
cloud layers that formed after the initiation of lidar
data acquisition: First, broken clouds appeared at
an altitude of approximately 4 km shortly after 1.00 h
UT; then after 1.30 h UT a cloud deck developed at 3

Fig. 2. False color, time–height image of the variation of the
Raman-scattering ratio, normalized to the water vapor mixing
ratio, during the night of 9 September 1995. The image is color
coded as shown by the color bar.
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km; at approximately 2.50 h UT, broken clouds with
their base at approximately 400 m began to appear;
finally, at 3.50 h UT a deck developed at 1 km. The
stippled area in the upper right portion of Fig. 3,
which is less obvious in this image, is also associated
with noise that was due to the strong cloud attenua-
tion.
The regions of apparently very high Raman-

scattering ratio, in excess of 17 gykg ~water vapor
mixing ratio equivalent!, seen as the areas shaded in
green, yellow, and red in the image of Fig. 2, cannot
be due to atmospheric water vapor. We have al-
ready seen in the discussion of Fig. 1 that, in this
altitude region, the saturation mixing ratio was less
than 17 gykg. Thus the air cannot hold more than
17 gykg of water vapor. These regions can be seen in
the image after approximately 2.50 h UT, ranging in
altitude from approximately 400 m to 1 km. The
images in Figs. 2 and 3 show that the regions of
unrealistically high water vapor mixing ratio are cor-
related closely with the locations of clouds. We sug-
gest that this excess scattering in the Raman water
vapor detector channel is due to Raman scattering by
cloud droplets, and this is discussed in more detail in
the next two sections.

4. Raman Scattering by Water Droplets

Raman scattering by bulk liquid water has been re-
ported by a number of investigators ~see Ref. 24!.
The n 2 1, n 2 3 band of bulk liquid water24 and the
n 2 1 band of water vapor25 excited by the 351.1-nm
laser line are shown in Fig. 4. Laboratory measure-
ments indicate that the band strength per molecule
~integrated cross section! for Raman scattering by
bulk liquid water ~'4.5 6 0.3 3 10229 cm2 sr21!26 is
approximately five times the band strength for water
vapor ~'7.90 3 10230 cm2 sr21!.27 The two bands
~liquid and vapor! are shown in the figure with a band
strength ratio of five to one. The spectral location of

Fig. 3. False color, time–height image of the variation of the
elastic-scattering ratio during the night of 9 September 1995, color
coded as shown by the color bar.
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the peak of the n 2 1 Raman water vapor band is
shifted relative to the incident radiation by a fre-
quency of 3652 cm21 ~Ref. 28!. This corresponds to
a Raman wavelength of 402.7 nmwhen excited at the
351.1-nm laser line, as seen in Fig. 4. As can be seen
in the figure, the liquid band is much broader than
the vapor band, is shifted from the exciting line less
than the vapor band, and, to some degree, overlaps
the vapor band. Because the excimer laser output is
unpolarized, we have combined the isotropic and
anisotropic bands together to derive the resultant
Raman liquid band which is shown in the figure.
The shape of the Raman liquid band varies with tem-
perature. We show in the figure the resultant liquid
band for a temperature of 30 °C.
Also shown in Fig. 4 is the transmission curve for

the interference filter used to select the Raman scat-
tering by water vapor. As mentioned above, the ex-
cimer laser has two additional lines centered around
the central line at 348.8 and 353.2 nm. Each of
these satellite laser lines also produce Raman bands
by liquid water and water vapor similar to but
slightly shifted in wavelength when compared with
the bands shown in Fig. 4. The location of the peak
of the n 2 1 Raman water vapor band excited by the
laser lines at 348.8 and 353.2 nm are at 399.7 and
405.5 nm, respectively. The wide bandpass of the
interference filter used in the investigation, and
shown in the figure, was selected to pass the three
water vapor bands from the three laser lines. As can
be seen in Fig. 4, the filter also passes a portion of the
liquid water band.
In clouds, we expect Raman scattering, not from

bulk water, but from water droplets. Both stimu-
lated and spontaneous Raman scattering11 by water
droplets have been observed in the laboratory. As
mentioned in the introduction, very high intensi-
ties,15,16 greater than 0.1 GW cm22, are required to
produce stimulated Raman scattering by droplets.
At an altitude of 400m ~typical cloud base during this
experiment!, the instantaneous intensity of the exci-

Fig. 4. The n 2 1, n 2 3 bands of bulk liquid water at 30 °C
~combination of isotropic and anisotropic components! and the n 2
1 band of water vapor excited by the 351.1-nm laser line are shown
as a function of wavelength. The two bands ~liquid and vapor!
have been normalized so that their respective band strengths are
in a ratio of 5:1. Also shown is the transmission curve for the
interference filter used to select the Raman scattering.



mer laser used in the investigation was less than 5.0
kW cm22, much less than that required for simulated
Raman scattering. Thus we limit our discussion to
spontaneous Raman scattering by droplets.
It is the interaction between the laser radiation

that enters the droplets and the liquid water mole-
cules that produces spontaneous Raman scattering.
We expect, then, that the scattering will be propor-
tional to the liquid content of the droplet, modified by
the characteristics of the droplet itself. The shape of
the Raman-scattering phase function and the back-
scatter cross section of the droplets will depend on the
effect that the spherical shape and size of the droplets
have on ~1! the intensity of the incident radiation
within the droplets, ~2! the Raman conversion process
within the droplets, ~3! the efficiency with which the
Raman-shifted radiation exits the droplets, and ~4!
the pattern that this process produces.
Kerker and Druger29 have theoretically studied the

scattering phase function for a uniform distribution
of wavelength-shifting, scattering dipoles embedded
within a sphere. They used Mie theory to predict
the internal intensity of the incident radiation within
a sphere of index m and then they calculated the
scattering phase function ~wavelength shift 5 1.196
l! external to the sphere that was due to a single
scatterer embedded inside the sphere. They then
used a superposition of solutions to calculate the scat-
tering phase function that was due to a uniform dis-
tribution of scatterers within the sphere. They
looked at several different-sized spheres ~a 5 0.1 to
20! and several indices of refraction ~m 5 1.10, 1.20,
1.33, and 1.50! using the dimensionless size param-
eter defined as a 5 2payl, which relates the radius of
the sphere a to the wavelength of the incident radi-
ation l. They found for small spheres, a 5 0.2, that
the scatterers act like a collection of dipoles whose
scattering phase function is similar in shape to that
expected from a collection of independently scatter-
ing molecules. For larger spheres they found that,
as the size of the spheres becomemore important, the
scattering phase function becomes peaked in the
backscatter direction ~180°!. For a sphere of index
m 5 1.50, they found that the backscatter cross sec-
tion for size parameter a 5 6 and 8 is enhanced by a
factor of approximately 2 and 3, respectively, when
compared with the cross section at other angles ~They
do not provide the scattering phase function for a
water sphere of index 1.33.! Although the authors
caution that each sphere size must be studied indi-
vidually, it is obvious that for larger spheres there
tends to be an enhancement of the backscatter cross
section.
One effect of the sphere size on Raman scattering is

referred to as structural resonances. The reso-
nances are a function only of the size parameter of the
sphere and result from singularities in the expansion
coefficients of the internal field as predicted by Mie
theory. These resonances are expected to occur for
both the incident and the Raman-shifted radiation.
Thurn and Kiefer11 provide an overview of the ex-
pected Mie intensities within the sphere. When the
resonances occur with the incident radiation, the ef-
fect is to increase the internal intensity of the inci-
dent light at the resonant wavelength and thus
increase the effective cross section for Raman scat-
tering within the sphere when compared with Raman
scattering by bulk water. In the present experiment
we would expect these resonances to occur for each of
the three laser lines with the appropriate size cloud
droplets. We know that clouds are made up of drop-
lets distributed over a range of radii from approxi-
mately 1 to 15 mm.30 Thus we might expect a large
number of resonances to occur in a typical cloud.
As mentioned above, we also expect resonances to

occur with the Raman-shifted radiation. If we as-
sume that the resonances in the Mie solution11 rep-
resent normal modes of the droplets, then each cloud
droplet ~at a given radius! would have a number of
resonances with the Raman-shifted radiation since
that radiation is spectrally broad, as seen in Fig. 4.
The effect of these resonances would be to also in-
crease the effective Raman cross section at the reso-
nance frequencies. The second of these two
resonances has been studied by Thurn and Kiefer.11
Their research on a water-glycerol droplet has shown
that the cross section for Raman scattering by the
water band of the droplets is similar in shape to bulk
water but has sharp lines superimposed, which is
attributed to Raman-shifted resonances. Their lab-
oratory work was performed on a single droplet so
that they were not able to observe resonances asso-
ciated with the incident laser wavelength. Schwei-
gar12 studied Raman scattering from a pure water
droplet. He observed Raman scattering at a scatter-
ing angle of approximately 90 degrees from a single
levitated droplet over a period of several hours as the
droplet evaporated. He was able to observe both
types of resonant scattering by the water droplet in
addition to nonresonant scattering. He showed
that, although the Raman cross section of a single
sphere can change by as much as an order of magni-
tude between resonant and nonresonant scattering
~resulting from a very small change in size parame-
ter!, if the scattering is averaged over a range of size
parameters then the mean scattered intensity is pro-
portional to the droplet volume, or to the total liquid
content of the sphere. His laboratory data show that
the scattered intensity at 90 degrees, including effects
of the resonances, was approximately a factor of 2
greater than the assumed nonresonant scattered in-
tensity.
In summary, as a result of the above discussion, we

can expect that the Raman backscatter cross section
of a distribution of droplets may be proportional to
the total liquid water contained in the droplets.
Furthermore, we can expect that the droplet back-
scatter cross section will be significantly larger than
the backscatter cross section of the equivalent num-
ber of water vapor molecules in the vapor phase. A
quantitative estimate of the effective Raman back-
scatter cross section for a realistic distribution of
cloud droplets ~a 5 1 to 15 mm or a 5 18 to 268 at l
5 351.1 nm! has not yet been attempted.
20 May 1997 y Vol. 36, No. 15 y APPLIED OPTICS 3555



5. Discussion

As was mentioned above, Fig. 2 shows a number of
regions where the Raman-scattering ratio, when nor-
malized to the water vapor mixing ratio, exceeds that
which would be associated with saturated air. The
regions in question are shown as areas shaded in
green, yellow, and red in Fig. 2 and range in altitude
from approximately 500 m to 1 km. They appear as
~1! a large feature extending from approximately 2.50
to 2.60 h UT, ~2! a three-lobed feature extending from
approximately 2.80 to 3.20 h UT, ~3! four small fea-
tures centered at 3.45 h UT, and ~4! another small
feature at 4.00 h UT. Note that, from the color bar,
the peak value of water vapor mixing ratio equivalent
within the regions of interest vary between 20 and 50
gykg. We now look at several of these features in
more detail.
Shown in Fig. 5 are profiles of the Raman-

scattering ratio and the elastic-scattering ratio ac-
quired at 3.13 h UT, which is through the center of
the third lobe of the three-lobed feature of Fig. 2.
The saturated mixing ratio ~100% relative humidity!
profile obtained with the temperature data from the
02:33 UT radiosonde is also shown in the figure.
From the elastic-scattering ratio shown in the fig-

ure, we can see an indication of clear air ~elastic-
scattering ratio 5 1! to an altitude of approximately
400 m. Between 400 and 800 m we observe a cloud
that appears as two layers: the lower layer peak is
at 500 m and a second peak of smaller amplitude at
an altitude of 600 m. The elastic-scattering ratio
then returns to a clear air level at an altitude of
approximately 800 m. The Raman-scattering ratio
data given in the figure are consistent with a reason-
able water vapor mixing ratio below an altitude of
400 m ~near saturation!. Above 400 m, the Raman-
scattering ratio starts to increase gradually to an

Fig. 5. Profiles of the Raman-scattering ratio, normalized to the
water vapor mixing ratio, and the elastic-scattering ratio acquired
at 3.13 h UT. The elastic-scattering ratio refers to the upper
scale. Also shown is the saturated mixing ratio ~100% relative
humidity! profile obtained with the temperature data from the
02:33 UT radiosonde. The Raman-scattering ratio and the satu-
rated mixing ratio are plotted in reference to the bottom scale.
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altitude of 500 m, then more sharply to a peak value
of 45 gykg water vapor equivalent at an altitude of
600 m. The Raman-scattering ratio then falls off to
a level that is consistent with a saturated water va-
por mixing ratio value at approximately 800 m, an
altitude just at cloud top. The difference between
the saturated mixing ratio as measured by the radio-
sonde and the Raman-scattering ratio ~at the peak,
approximately 45 gykg 2 15 gykg 5 30 gykg! is at-
tributed to Raman scattering by cloud droplets. The
peak in the cloud droplet signal appears to be corre-
lated with the upper peak in the elastic-scattering
ratio at an altitude of 600 m. Above cloud base both
the aerosol and the Raman signals have a higher
standard error, as indicated by the increased length
of the error bars. The higher standard error is due
to the large attenuation by the cloud, of the outgoing
laser beam, and the returned scattered radiation.
Two additional examples comparing simulta-

neously the acquired elastic-scattering ratio and the
Raman-scattering ratio measurements are shown in
Figs. 6 and 7. The data of Fig. 6 were obtained at
2.90 h UT through the first lobe of the three-lobed
feature of Fig. 2. The example shown in Fig. 7 was
acquired at 3.00 h UT through the middle lobe of the
three-lobe feature. In the data of both Figs. 6 and 7
we can again see a strong correlation between the
upper peak in the elastic-scattering ratio and the
peak in the Raman-scattering ratio. Note that in
Fig. 7 the lower cloud layer as seen in the elastic-
scattering ratio profile is reduced significantly in in-
tensity when compared with the other examples.
Again, in these two examples the two scattering ra-
tios are consistent with clear air conditions, within
experimental error, both above and below the cloud.
The three examples presented above were chosen

because the attenuation that is due to the clouds was
sufficiently low that the standard error of both profiles,
in each example, above cloud top would allow for a
meaningful measurement of the clear sky conditions.
A fourth example is given in Fig. 8. The data of Fig.

8 were acquired at 2.53 h UT through the center of the
large cloud feature of Fig. 2. This cloud had the highest
optical depth of any observed on the night of the experi-
ment. The two scattering ratio profiles are again con-
sistent with clear conditions below the cloud. In the
upper level of the cloud and above, the standard error is
too large to provide reliable ratios as can be seen by the
very large error bars at around 800 m. We again can
see an altitude correlation between the two scattering
ratios in the upper layer of the cloud.
We know from the discussion of Section 4 that, in

the laboratory, Raman scattering from a water drop-
let when averaged over a size range is proportional to
liquid water content. We suggested, as a natural
extension, that the Raman backscatter cross section
of a distribution of droplets may be proportional to
the total liquid water contained in the droplets. If
we now assume that the observed Raman scattering
is proportional to cloud liquid water in this experi-
ment, then the four examples presented above would
be consistent with a cloud of two distinct layers: the



Fig. 6. Same as Fig. 5, except that the
Raman-scattering ratio and the elastic-
scattering ratio were acquired at 2.90 hUT.

Fig. 7. Same as Fig. 5, except that the
Raman-scattering ratio and the elastic-
scattering ratio were acquired at 3.00 hUT.

Fig. 8. Same as Fig. 5, except that the
Raman-scattering ratio and the elastic-
scattering ratio were acquired at 2.53 hUT.
lower with low liquid water and the upper with
higher liquid water. The lower layer could be a haze
with a large number of small droplets, giving rise to
high Mie scattering, but with low liquid water, and
thus small Raman scattering from the liquid in the
droplets. The upper layer could have a distribution
of larger droplets, possibly closer to a typical cumulus
cloud, giving rise to a high value for both the elastic-
scattering ratio and the Raman-scattering ratio.
Without in situ measurements of the microphysical
properties of the clouds, this description of the clouds,
of course, cannot be confirmed.
We have identified two reasons that Raman lidar

observations of real clouds may not be related lin-
early to cloud liquid water. One reason is multiple
scattering. The impact of multiple scattering, due to
the presence of clouds, in Raman lidar measurements
has been studied theoretically.31 It was shown that
the increased backscatter that is due to multiple scat-
tering is essentially the same for the Raman wave-
lengths used to derive both the water vapor mixing
ratio and the elastic-scattering ratio, thus the effect is
nearly canceled when the ratio is calculated. The
small residual, due to the difference in the Mie-
scattering cross section at the two scattered wave-
lengths, amounts to only a few percent error in the
ratio. However, there may be an additional factor
that is due to the unknown scattering phase function
of Raman scattering by the liquid droplets. The er-
ror in the ratio introduced by this factor is also likely
to be small, but cannot be evaluated until we have
estimated the scattering phase function for a realistic
distribution of cloud-sized droplets. The second rea-
son is a possible variation in scattering phase func-
tion as a function of size for cloud-sized droplets. We
remember from Section 4 that, for very small droplets
~a 5 0.2!, the water molecules in the droplet act as
independent scatterers with a scattering phase func-
tion similar to that of molecules. For larger droplets
~a 5 6 or 8! we found that the phase function was
enhanced at 180° by approximately a factor of 2 or 3,
respectively. The laboratory work of Schweigar12
investigating Raman scattering by a single water
droplet indicates that this variation is likely to be
small. However, a full evaluation of this effect in
real clouds will also have to await our estimate of the
Raman-scattering phase functions of cloud droplets.
Let us now estimate the magnitude of the enhance-

ment that is due to the spherical shape of the drop-
lets. Figure 5 shows a peak value for the Raman
scattering from the cloud droplets, which, as men-
tioned above, is the difference between the Raman-
scattering ratio and the saturated mixing ratio, at an
altitude of 600 m to be approximately 30 gykg water
vapor equivalent ~45 2 15 gykg 5 30 gykg!. We
know that the typical liquid water content of these
low-level clouds is a few tenths of a gram per kilo-
gram.30 Thus, if we assume a liquid water mixing
ratio between 0.6 and 0.3 gykg, there is a difference of
a factor of 50 and 100 between the measured per
molecule signal from the cloud droplets and the total
number of water molecules in the liquid state, respec-
tively. This difference can be explained by a combi-
nation of four factors: ~1! the difference in
sensitivity of the Raman water channel to the
Raman-scattered radiation from vapor and liquid, ~2!
the difference in Raman cross section of water mole-
cules in the vapor and the liquid state, ~3! the ex-
pected enhancement in Raman backscatter cross
section that is due to the spherical shape of the drop-
lets described in Section 4, and ~4! the average effect
of the structural resonances on the scattering cross
section. The first two factors can account for ap-
proximately 50% of the difference. Figure 4 shows
that the filter passes approximately 50% of the Ra-
manwater vapor band ~note the filter transmission at
the spectral location of the water vapor band! and
only approximately 20% of the liquid water band ~an
overlap of the liquid water band and the filter trans-
mission curve!. Thus these two factors cause the
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Raman signal from liquid water molecules to be
about twice that from vapor molecules on a per mol-
ecule basis. Therefore, to account for the magnitude
of the observed Raman backscatter from the cloud
droplets, the enhancements that are due to the spher-
ical shape of the droplets must be in the range be-
tween 25 and 50. In reference to the third factor
mentioned above, we found in Section 4 that the scat-
tering phase function of a sphere of index 1.5 and size
parameter a 5 8 is peaked in the backscatter direc-
tion with approximately three times more scattering
at 180° than at other angles. This would reduce the
unexplained enhancement to a range of between 8
and 16. Finally, in reference to factor four men-
tioned above, we also know from our discussion of
Section 4 that at 90° the average structural reso-
nance effects can account for a scattering increase of
approximately 2. This then leaves the unexplained
enhancement of Raman scattering from droplets to be
in the range of 4 and 8. What can account for the
unexplained enhancement? There are a number of
factors that might account for the remaining unex-
plained enhancement. These are: ~1! the uncer-
tainty in the absolute Raman cross section of water
vapor and bulk water, ~2! the magnitude of backscat-
ter enhancement for spheres of index 1.33 and
spheres larger than a 5 8, ~3! the average effect of the
structural resonances for a scattering angle of 180°,
and ~4! uncertainty in the magnitude of the nonreso-
nant component of droplet scattering. A full evalu-
ation of the enhancement will have to await a
quantitative study of Raman scattering by a real dis-
tribution of cloud droplets.
There are two instrumental effects that we have

identified that might produce enhanced signals in the
presence of clouds, which we have interpreted to be
Raman scattering from cloud liquid droplets: ~1!
bleed through of the strong cloud scattering at the
laser wavelength ~351 nm! through the water vapor
filter that is centered at 402 nm, and ~2! signal-
induced noise ~SIN! in the PMT’s. Each of these are
discussed separately.
The interference filters that select the Raman bands

were manufactured with extra blocking at the laser
wavelength ~approaching 10212! to avoid the possibility
of bleed through. However, the more convincing argu-
ment that bleed through is not the cause of the observed
Raman scattering from clouds can be seen inFigs. 5, 6, 7,
and8. As theprofiles given in the fourfigures show, the
shape of the elastic-scattering ratio and the Raman-
scattering ratio from the clouds are very different. If
bleed through were a significant source of the apparent
Raman scattering fromclouddroplets,wewould expect a
similar shape in the profiles. Thus we do not believe
that bleed through is amajor source of the Raman signal
that we have observed.
SIN is normally expected to be a problem when a

weak light signal is being sensed by a PMT after a
relatively strong light was incident on the PMT,32 a
situation that exists in this experiment. The initial
light level incident onto the PMT before the low-level
cloud is 2 to 3 orders of magnitude stronger than the
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scattered light coming from within and above the
cloud. If SIN were a significant problem within the
cloud we would expect that it would be an even
greater problem in the clear atmosphere above the
cloud. The profiles given in Fig. 5, 6, and 7 show
that, to within experimental error, the Raman-
scattering ratio and the elastic-scattering ratio above
the clouds are consistent with the clear air expected
levels. Thus we believe that there is no significant
SIN within the clouds, where we are observing a
higher signal level associated with the Raman scat-
tering from the cloud droplets, than the signal from
the atmosphere above, where no SIN is observed.

6. Summary and Conclusions

We reported in this paper on the observation of Raman
scattering by liquid water in cloud droplets. The
NASA Goddard Space Flight Center scanning Raman
lidar participated in a water vapor intercomparison
study at the NASA Wallops Flight Facility during the
months of August and September 1995. During the
night of 9 September 1995, Raman scattering in the
water vapor channel well in excess of 100% relative
humidity was observed from low-level clouds. The
excess scattering has been interpreted to be spontane-
ous Raman scattering from liquid water in the cloud
droplets. We believe that our lidar was able to ob-
serve this effect because of the spectrally wide inter-
ference filter used to select Raman scattering by water
vapor from the three output frequencies of our excimer
laser. Because of the width of the filter there is good
overlap of the filter transmission and the spectrally
broad Raman liquid water band.
A review of theoretical and laboratory studies of

spontaneous Raman scattering by spheres indicates
that there are structural resonances, due to the
spherical shape of the droplets, that will enhance the
Raman backscatter cross section of molecules in the
sphere. Furthermore, the laboratory investigations
demonstrate that Raman scattering from spheres
distributed in size, which tends to average the effect
of the resonances, is proportional to the volume of the
spheres. As a result of these laboratory studies, Ra-
man scattering by cloud droplets, which are also dis-
tributed in size, may provide a new remote method to
study cloud liquid water content.
A factor of 25–50 enhancement in Raman scatter-

ing from the cloud droplets is required to make the
Raman-scattering observations reported here consis-
tent with the expected concentration of cloud liquid
water. A backscatter enhancement that is due to
the spherical shape of the droplets and a laboratory
measured average effect of the structural resonances
~scattering angle of 90°! can only account for approx-
imately a factor of 6. This leaves a range of unex-
plained enhancement of between 4 and 8. We
mention four possibilities that might account for the
remaining unexplained enhancement. They were
~1! the uncertainty in the absolute Raman cross sec-
tion of water vapor and bulk water, ~2! themagnitude
of backscatter enhancement for spheres of index 1.33
and spheres larger than a 5 8, ~3! the average effect



of the structural resonances for a scattering angle of
180°, and ~4! uncertainty in the magnitude of the
nonresonant component of droplet scattering. A
quantitative estimate of the Raman backscatter cross
section for a realistic distribution of cloud droplets
has not yet been attempted.
The Raman-scattering profile by cloud droplets

was significantly different from the simultaneously
acquired elastic-scattering profile by the same clouds.
An evaluation of both the aerosol scattering ratio and
the Raman-scattering ratio profiles of the clouds
studied seems to suggest that the clouds had two
distinct layers: a lower layer that might consist of a
small droplet haze and an upper layer that is more
consistent with a large droplet distribution.
In conclusion, we believe that the combined obser-

vation of Raman scattering and Mie scattering by
cloud droplets has the promise to lead to new meth-
ods for the remote study of cloud liquid water and
cloud droplet size distribution. In the meantime,
care should be exercised with the use of Raman lidar
to derive the water vapor mixing ratio in the presence
of clouds because of possible interference due to Ra-
man scattering by liquid water, especially if the lidar
utilizes a spectrally wide interference filter in the
water vapor channel.
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